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The Early Permian Snapper Point Formation, Southeastern Australia Stratigraphy, Sedimentology and Inferred Palaeoenvironments
Abstract
Although the subject of previous investigations, there is a paucity of high-resolution stratigraphical
analyses that have been undertaken on the Snapper Point Formation especially with regards to the
glacially-related conglomerate beds, with many studies focusing on a broad-scale description of the
formation. Therefore, the focus of this thesis is to produce a higher resolution facies analysis of the
Snapper Point Formation and the inferred glacially-related facies found throughout the formation and
their relation to the shallow marine sediments and depositional processes. Additionally, due to the higher
cliff faces of the formations outcrop, many have not been adequately described. Thus a secondary focus
is to map the previously inaccessible glacially-related facies and sedimentary units within the Snapper
Point Formation. The fieldwork for this thesis project was conducted at the Snapper Point coastal outcrop
at Kioloa, NSW. In addition to standard geological fieldwork practices, a drone was used for
photographing the upper-most, inaccessible cliff exposures present, showing that drones are valuable
fieldwork tools. These photographs would later be turned into several 3D models using the 3D
photogrammetry modelling software, Agisoft PhotoScan. Two highly detailed stratigraphic logs were
produced over an 80 m stratigraphic log of the southern portion and a 45 m stratigraphic log depicting the
northern part. Over 430 individual sedimentary beds were recorded within these logs, with 224 discrete
dropstone beds documented at the outcrop, providing a more detailed and quantitative analysis of the
dropstone facies. A large 40 m laterally extensive Soft-Sediment Deformation Structure was observed in
the cliffs of the outcrop. The palaeoenvironment is interpreted as a shallow marine setting above storm
weather wave base, likely located in the inner to middle continental shelf environment. The environment is
characterised by prolonged periods of calm, low energy deposition, that was continually being interrupted
by rapid high energy storm events. The dropstone facies indicate that this environment was showered
with ice-rafted debris, likely from the Permo-Carboniferous Ice Sheet over Gondwana at the time. Using
the connection between Heinrich events and reported Dansgaard and Oeschger cycles occurring during
the Permo-Carboniferous glaciation, this paper strengthens the hypothesis that the dropstone facies are
the result of Heinrich-like events active during the Permian. Inquiries into the various theories and ideas
surrounding the soft-sediment deformation structure at Snapper Point were performed, with the iceberg
scour structure being highlighted as the likely cause.
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Abstract
Although the subject of previous investigations, there is a paucity of high-resolution
stratigraphical analyses that have been undertaken on the Snapper Point Formation
especially with regards to the glacially-related conglomerate beds, with many studies
focusing on a broad-scale description of the formation. Therefore, the focus of this thesis is
to produce a higher resolution facies analysis of the Snapper Point Formation and the
inferred glacially-related facies found throughout the formation and their relation to the
shallow marine sediments and depositional processes. Additionally, due to the higher cliff
faces of the formations outcrop, many have not been adequately described. Thus a secondary
focus is to map the previously inaccessible glacially-related facies and sedimentary units
within the Snapper Point Formation. The fieldwork for this thesis project was conducted at
the Snapper Point coastal outcrop at Kioloa, NSW. In addition to standard geological
fieldwork practices, a drone was used for photographing the upper-most, inaccessible cliff
exposures present, showing that drones are valuable fieldwork tools. These photographs
would later be turned into several 3D models using the 3D photogrammetry modelling
software, Agisoft PhotoScan. Two highly detailed stratigraphic logs were produced over an
80 m stratigraphic log of the southern portion and a 45 m stratigraphic log depicting the
northern part. Over 430 individual sedimentary beds were recorded within these logs, with
224 discrete dropstone beds documented at the outcrop, providing a more detailed and
quantitative analysis of the dropstone facies. A large 40 m laterally extensive Soft-Sediment
Deformation Structure was observed in the cliffs of the outcrop. The palaeoenvironment is
interpreted as a shallow marine setting above storm weather wave base, likely located in the
inner to middle continental shelf environment. The environment is characterised by
prolonged periods of calm, low energy deposition, that was continually being interrupted by
rapid high energy storm events. The dropstone facies indicate that this environment was
showered with ice-rafted debris, likely from the Permo-Carboniferous Ice Sheet over
Gondwana at the time. Using the connection between Heinrich events and reported
Dansgaard and Oeschger cycles occurring during the Permo-Carboniferous glaciation, this
paper strengthens the hypothesis that the dropstone facies are the result of Heinrich-like
events active during the Permian. Inquiries into the various theories and ideas surrounding
the soft-sediment deformation structure at Snapper Point were performed, with the iceberg
scour structure being highlighted as the likely cause.
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Chapter 1
Introduction
1.1 Project Context and Significance
Although the subject of previous investigations, there is a paucity of high-resolution
stratigraphical analyses that have been undertaken on the Snapper Point Formation, with
many studies focusing on a broad-scale description of the formation. Studies on the Snapper
Point Formation by Bann (2008), Gostin (1968) Gostin & Herbert (1973), Shi, and
McLoughlin, (1997), Tye (1995) and Tye et al. (1996) have concentrated on the wider
sedimentary features of the Snapper Point Formation and its palaeoenvironmental
relationships in the larger spatial context of the Shoalhaven Group, the basal portion of the
southern Sydney Basin and the regional Permian landscape of the Sydney Basin. While it is
important to understand the overall formation and its geological relationships and
connections, the lack of highly detailed investigations presents a gap in the knowledge of
the detailed facies architecture of the formation. This may prevent scientists from fully
understanding the formation and its connection to the larger Permian landscape of the
surrounding formations. Hence, more detailed research and stratigraphic accounts are
needed to expand on previous knowledge of the Snapper Point Formation and fill in any
gaps in its stratigraphic record, to gain a better understanding of the formation at a smaller
and more detailed level.
While the aforementioned papers contain thorough studies and detailed descriptions of the
Snapper Point Formation, some portions may not have been mapped in detail due to the
inaccessible nature of some coastal outcrops and cliff faces. Outcrops consisting of
sequences that cannot be easily accessed or viewed, such as the upper portion of cliff faces,
may lack adequate investigation and therefore may not be accurately described and analysed
in the literature. If the sedimentary facies of the cliff face can be viewed elsewhere along
the outcrop, an analysis may still be performed on those facies, however, a thorough
examination of the section of the cliff face may be insufficient, and this may yield inaccurate
results and interpretations, producing a gap in the overall knowledge of the sequence. In the
past six years, drones have experienced rapid development providing geologists and
scientists alike with an additional and very modern tool that can open many new
opportunities in the world of fieldwork (Dandar et al. 2018; Jordan, 2015). Drones or
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unmanned aerial vehicles (UAV) are remotely operated vehicles and can be fixed-wing
aircraft or helicopters. Particularly popular and versatile are the micro UAV helicopters
usually in the form of small, around 40 cm x 40 cm x 25 cm, aerial vehicles with four
rotating blades. This configuration enables them considerable maneuverability, stability and
control in the field and allows quick set up, easy launch, recovery and transport to remote
locations, due to their small size and light weight. Drones are a viable field tool allowing
aerial surveys, field mapping, monitoring and most importantly providing access to areas
that may be hard to reach, gaseous and volcanic regions or dangerous areas such as vertical,
overhanging rock outcrops and cliff faces. Therefore, a drone was used in this thesis research
for photographing the upper-most, inaccessible cliff faces of the coastal exposure at Snapper
Point, which have not been accurately described previously in the literature.
A variety of shallow marine shelf environments and sedimentary facies of the Snapper Point
Formation are examined and described in this thesis including, hummocky and swaley
cross-stratified sandstones, beds of exotic dropstone clasts, abundant well-preserved trace
and body fossils and highly bioturbated and calcareous sediment beds. Therefore, this thesis
will; produce a higher resolution facies analysis at a scale of 1 cm = 25 cm, far more
comprehensive than previous work on the formation; a quantitative analysis of the inferred
glacially-related facies found throughout the formation, their occurrence and interactions
with the shallow marine sediments and depositional processes; and map the previously
inaccessible sedimentary units and glacially-related facies within the Snapper Point
Formation, using a drone and several 3D models. Hence, this project will improve the
understanding of the interactions between the Permian glacial events and shallow marine
environments and produce a more complete and highly detailed stratigraphic record of the
sedimentary and inferred glacially influenced facies throughout the Snapper Point
Formation.

1.2 Aims and Objectives
1.2.1 Aims
The aims of this project are:
To re-examine the sedimentology and stratigraphy of a portion of the Snapper Point
Formation involving higher resolution sampling, to reassess the Permian
palaeoenvironments within the formation.
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To describe the nature and inferred glacial processes responsible for portions of the
Snapper Point Formation.
1.2.2 Objectives
a) Review previous research articles on the Snapper Point Formation, the Sydney Basin
and Late Palaeozoic Gondwanan glaciation.
b) Identify and analyse the key geological features of the Snapper Point outcrop
including; dropstone facies, various sandstone facies and a large soft sediment
deformation structure within the coastal outcrop located at Snapper Point.
c) Map the structure and stratigraphy of the Snapper Point Formation at Snapper Point,
using various techniques and high-resolution sampling, comprising a stratigraphic
log with a scale of 1 cm = 25 cm and several 3D models of the cliff faces, as well as
an in-depth stratigraphic analysis of the dropstone facies and their occurrence.

1.3 Thesis Outline and Scope
Following the Introduction, this thesis reviews previous investigations and literature
focusing on the Snapper Point Formation, the Late Palaeozoic Gondwanan Glaciation and
an overview of the Sydney Basin in terms of its tectonic development, sediment deposition
and related glacial facies and environments. Chapter 3 describes the study area and describes
the methods used in the fieldwork of this project. Chapter 4 presents the results of the study,
through the descriptions of the sedimentary features, stratigraphic logs, 3D modelling,
mapping and laboratory analysis. Chapter 5 presents a discussion of the results, in relation
to previous research, the broader characteristics of the Permian palaeoenvironments and
related Quaternary climate events, as a model to understanding; as well as the limitations
of the study. Chapter 6 provides the principal conclusions to the thesis and offers topics and
recommendations for future research surrounding the Snapper Point Formation, Heinrich
events and future fieldwork practices.
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Chapter 2
The Early Permian Snapper Point Formation, southern
Sydney Basin – A review
2.1 Late Palaeozoic Gondwanan Glaciation
During the Late Palaeozoic, Australia was located in the northeastern area of the ancient
supercontinent Gondwana, then the southern part of Pangaea, and was bordered on the west
and south by other land masses (Figure 2.1; Brakel and Totterdell, 1990). Widespread
glacial activity across Gondwana essentially spanned the entirety of the Carboniferous and
Early Permian; with Gondwana being located near the South Pole, towards the end of the
Carboniferous, around 290 Ma (Figure 1; Smith, 1997). This resulted in massive expansion
of glacial centres and continental ice sheets across much of the supercontinent (Figure 2).
During the Late Palaeozoic (350 and 240 Ma), a complex centre of glaciation migrated
across Antarctica, South America, Australia and South Africa, producing widespread
distributions of erratic’s, tillites, glacial clasts and striations in pre-existing bedrock surfaces
in Antarctica, South America, Africa, Madagascar, Arabia, India and Australia (Figure 2).
This provided one of the major pieces of evidence for the theory of continental drift, which
ultimately led to the concept of the super-continent, Pangaea (Crowell, & Frakes, 1971

Figure 2.1: A palaeogeographic reconstruction of the Supercontinent Pangaea, during the Late Carboniferous (306 Ma)
showing the distribution of land masses and ocean basins. (Scotese, 2001).
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Figure 2.2: Reconstruction of the Early Permian palaeogeography of the supercontinent Pangaea and the PermoCarboniferous Glaciation. Created by Yeh and Shellnutt (2016) via the open-source software GPlates 1.5 and the database
provided within: http://www.gplates.org/index.html. The methods detailing this figures creation can be found in the paper
“The initial break-up of Pangaea elicited by Late Palaeozoic deglaciation” (Yeh & Shellnutt, 2016).
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; Wegener, 1924). The Permo-Carboniferous glaciation was said to be so extensive that an
ice sheet had occupied an area spanning 50 degrees of latitude centred about the South Pole;
this glacial event is known as the Permo-Carboniferous glaciation (Figure 2.2; Smith, 1997).
The first recorded evidence of Late Palaeozoic glaciation in Australia, was found in the
Inman valley in the southern Mount Lofty Ranges in 1859, by Alfred R. C. Selwyn (Selwyn,
1860) who described a valley along the Inman River which contained striated and grooved
bedrock surfaces and valley floor pavements of the Kanmantoo Group exposed with several
boulder clays, tillites and erratics in the vicinity. This area is known as the Inman Trough
and has since been labelled as Selwyn’s Rock or “Glacier Rock” (Parkin, 1969). A
subsequent study by Ralph Tate in 1877, described a similar striated bedrock surface and
several large associated erratics at Hallett Cove (Tate, 1878; McBriar, & Mooney, 1977).
These include glacially striated bedrock surfaces on the clifftop, which, along with similar
striations found earlier at Selwyn's Rock in the Inman Valley 40 km to the south, provided
evidence for the glaciation of southern Australia. Initially, Tate (1879) correlated the glacial
evidence he had found at Hallett Cove with the Pleistocene glaciation of the Northern
Hemisphere, then believed to have occurred during the last 1 Myr. Later, Howchin (1895)
linked the South Australian glacial beds with fossiliferous glacial sediments at Bacchus
Marsh, which were of proven Permo-Carboniferous age. This was later refined to Early
Permian time (299 to 290 Ma) due to additional microfossil studies within the glacial
sediments (Ludbrook, 1957, 1967; Foster, 1974; Bourman & Alley, 1988, 1990; Bourman
& Milnes, 2016). The record of Late Palaeozoic glaciation in Australian is now extensive
with additional glacial successions, dating to the Early Permian (Asselian), recorded in
Western Australia, in the Bonaparte, Canning, Carnarvon, and Perth Basins; and southern
and eastern Australia, in the Bowen, Sydney and Tasmania Basins (Braakman, et al. 1982;
Crowell, & Frakes, 1971; Dickins, 1977, 1978, 1985; Mory et al., 2008).
Most authors are in agreement that much of Gondwana was affected by extensive glaciation
throughout the Late Palaeozoic (Dickins, 1985); and that during the upper Carboniferous,
south-eastern Australia experienced extensive glaciation, locally limited to high relief and
mountainous regions, signifying only alpine and valley glaciations (Crowell and Frakes,
1971; Dickins, 1985). However, throughout the Early Permian, it is postulated that
glaciation intensified, extending across Australia into widespread glaciation of Antarctic
proportions that dominated the southern and western parts of Australia with extensive ice
sheets (Brakel and Totterdell, 1990). This can be seen in the Inman Valley and at Hallett
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Cove (Bourman and Milnes, 2014), as well as throughout Western Australia in the
Bonaparte, Canning and Carnarvon Basins (Mory et al., 2008). Continental glaciation then
subsided during the Late Permian (Crowell and Frakes, 1971). In the Sydney and Gunnedah
Basins evidence supports the idea of Carboniferous, alpine and valley glaciation, however,
there is little evidence for the Permian ice sheets extending over southeastern Australia in
the basin’s sedimentary record and thus does not support the theory of local ice-cap
glaciation during the Permian (Brakel and Totterdell, 1990; Herbert and Helby, 1980).
Evidence for Late Carboniferous to Permian glaciation of eastern Australia has been
forthcoming since the first recording of glacial information by Sussmilch and David in 1920
within Carboniferous rocks in the Hunter River district, N.S.W. A summary of information
was conducted by Brown et al. (1968), and later Crowell and Frakes (1971) carried out a
very comprehensive Australian-wide review. In the Sydney Basin, evidence for glaciation
exists in both the northern Sydney Basin and many of the marine sequences throughout the
overall basin (Herbert and Helby, 1980). The occurrence of diamictite in the upper part
(Seaham Formation) of the northern Sydney Basin, is a strong indicator of glaciation, while
an abundance of dropstones, and other similar facies, highlights the presence of glacially
influenced sediments and strata in many of the marine sequences in the northern Sydney
Basin, particularly in the Farley Formation, the lower Braxton Formation, Fenestella Shale
Member and the Mulbring Siltstone; which indicates possible glaciation of adjacent regions
to the Sydney Basin (Figure 4; Herbert, & Helby, 1980). On the western fringe of the Sydney
Basin, around the Lithgow-Mudgee area, Permian glacial landscapes are prevalent
(Dulhunty and Packham, 1962). Large tributary conglomerate-filled valleys have been
identified, similar to those of the Tallong Conglomerate, in the Palaeozoic basement rocks
near Mudgee. Valleys up to 500 m deep containing soled, scratched and striated boulders,
as well as, moraines, tillites and varve-like sediments have been recorded (Dulhunty and
Packham, 1962; Herbert, & Helby, 1980), which indicates continental glaciation farther to
the west of the Sydney Basin (Crowell and Frakes, 1971). To date no unequivocal terrestrial
tillite of Permian age has been discovered in the Sydney Basin, as such the apparent absence
of definite Permian terrestrial tillites is seen as a serious drawback to the theory of adjacent
ice-cap glaciation throughout the Permian (Herbert, & Helby, 1980).
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basement rocks and Late Carboniferous volcaniclastic sediments and is bound in the
northeast by the New England Fold Belt (NEFB), the Lachlan Fold Belt (LFB) in the south
and west; and is connected to the Gunnedah Basin in the north-west corner (Figure 3).
2.2.1 Structural Framework
The structural framework of the Sydney Basin was described by Herbert & Helby (1980)
and is comprised of eleven onshore structural elements; the Hunter Valley Dome Belt,
Hornsby Plateau, Blue Mountains Plateau, the Cumberland Basin with Fairfield, Penrith
and Botany sub-basins, Woronora Plateau, Illawarra Plateau, Sassafras Plateau and Boyne
Mount Plateau; and four main offshore elements; the Offshore Syncline, the offshore
extension of the Newcastle Syncline, an offshore expansion of the New England Fold Belt
and the Offshore Uplift of the Currarong Orogen (Herbert & Helby, 1980; O’Neill & Danis,
2013). In addition, the Sydney Basin has been informally categorised into five subdivisions,
southern, western, central, northwestern and northern. The northeastern boundary of the
basin is generally considered to be the Hunter-Mooki thrust system, while the Mt Coricudgy
Anticline is the northwestern boundary (O’Neill & Danis, 2013). The Sydney Basin extends
offshore to the margin of the continental shelf (Mayne et al. 1974) and is thus difficult to
define (Herbert & Helby, 1980; O’Neill & Danis, 2013).
2.2.2 Tectonics
A series of tectonic events led to the formation of the SGBB complex and its structure was
greatly influenced by events during the Middle Devonian to early Carboniferous (Johnson,
1989; Scheibner, 1999; Veevers, 2000). The orogenic pile-up of the early New England
Fold Belt over the edge of the Lachlan Fold Belt caused foreland loading and lithospheric
flexure, resulting in a down-bowed area which became the future depositional site for the
SGBB (Scheibner, 1999). During the Late Carboniferous time, a continental rift formed in
the down-bowed region and developed into a transitional tectonic foreland basin, the SGBB
(O’Neill, & Danis, 2013). In the Early Permian, the basin compound of the SGBB complex
originated, as extensional (or transtensional) rifts, during Cycle 3 of the Hunter-Bowen
Super Cycle (O’Neill, & Danis, 2013, table 3.1). In Cycle 4 of the Hunter‐Bowen Super
Cycle, a combination of post‐rift subsidence and the conclusion of loading in the late Early
Permian created marine conditions where the foreland loading of the southern NEFB is
recorded in the deposition of the Greta Coal Measures in Sydney Basin. Towards the end of
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the Late Permian (250 Ma) the SGBB system had been converted to a coal-bearing foreland
basin, fed with pulses of volcanic detritus and elevated detritus from the NEFB, where
crustal loading was in sync with active volcanism and granite formation (Glen 2005). At the
Permian‐Triassic boundary, a major environmental change coincides with the end of coal
deposition and the onset of fluvial sedimentation (O’Neill & Danis, 2013). These sediments
were derived from the NEFB, and synchronous with major periods of volcanism and granite
emplacement (O’Neill & Danis, 2013). By the Middle, to Late Triassic, the SGBB complex
was converted into fold‐thrust belts as a response to the westward wandering thrust fronts
(Glen, 2005). Crustal shortening can be observed in the SGBB system, with Glen (2005)
signifying greater amounts in the Bowen Basin than in the Gunnedah and Sydney Basins.
Tadroz (1993) suggested that the western part of the Gunnedah Basin continues to maintain
elements of its early rift geometry through being divided into north‐south blocks by major
cross‐faults. Extension and breakup in the Tasman Sea starting in the Late Cretaceous
resulted in the current structural boundaries of the basin's eastern margin (O’Neill & Danis,
2013).
2.2.3 Deposition
The Sydney Basin is mainly a flat-lying, shallowly dipping, Permian to Triassic succession
of sedimentary rocks. Once the LFB was elevated, during the Late Carboniferous, and
exposed at more than 600 m (Herbert, 1972), extensive volcanism occurred, laying down
the vast volumes of coarse volcanic debris of the Late Carboniferous volcanic successions,
to the east of the rift (O’Neill, & Danis, 2013). This was followed by the deposition of thick
fluvioglacial conglomerates, diamictites and varves by alpine and valley glaciers and the
deposition of the Talaterang Group and Seaham Formation conglomerates in previously
eroded valleys of LFB Palaeozoic basement rocks (Herbert & Helby, 1980). Volcanism
continued into the Early Permian depositing portions of the Dalwood Group, Lochnivar
Formation and Gyarran Volcanics with thick basaltic and rhyolitic sequences (O’Neill, &
Danis, 2013).
As volcanism reduced, the LFB began to subside and increased marine deposition became
characteristic with the deposition of the Clyde Coal Measures, Dalwood Group, portions of
the Talaterang Group and Greta Coal Measures in extensive marine transgressions (Mayne
et al. 1974; O’Neill & Danis, 2013). The conclusion of volcanism in the early Late Permian
was followed by the completion of basin-wide subsidence, attributing to the formation of
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Figure 2.4: A simplified stratigraphic column of the Sydney Basin, showing the main formations and coal measures, and
how these are correlated across the basin. (O’Neill, & Danis, 2013).
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widespread marine deposits in a transgression which deposited the basal units of the
Maitland Group (Branxton Formation) and the Shoalhaven Group (Snapper Point
Formation) being deposited in a dominantly marine environment in the northern and
southern/western parts of the basin, respectively. A regressive‐transgressive episode took
place before the mid-Late Permian concluding the deposition of the Maitland Group and
upper parts of the Shoalhaven Group (Nowra Sandstone-Berry Siltstone; Mayne et al. 1974;
Le Roux & Jones 1994: O’Neill & Danis, 2013).
During the mid to Late Permian, renewed foreland loading of the basin region was caused
by orogenic contraction and the rise of the NEFB during the Hunter Orogeny. (Tadros,
1995). This major uplift of the NEFB led to rapid subsidence, erosion and the deposition of
as much as 2000 m (Herbert & Helby 1980) of terrestrial, fluvial and marine sediments
during three major regressive episodes. This resulted in the deposition of the Singleton
Supergroup, Tomago Coal Measures and the Illawarra Coal Measures which contain the
most important coal in the Sydney Basin (O’Neill & Danis, 2013). Moving through the Late
Permian, basin-wide subsidence had been achieved and transgression reached its peak, with
expanded marine deposition with marginal to fluvial environments and several coal
swamplands were formed, however, once marine regression began, it marked the end of the
dominance of the marine deposition within the Sydney Basin (Dunlop et al., 1997; Mayne
et al. 1974).
In the Late Permian to Middle Triassic, as the overall regression persisted, the environment
shifted to a major fluvial and alluvial system with deposition forming the Narrabeen Group,
which comprises up to 800 m of lithic conglomerate, quartz lithic sandstone and shale
(O’Neill, & Danis, 2013; Dunlop et al., 1997). Subsidence led to a minor limited
transgression and a transition to fluvio‐deltaic deposits of the Newport and Terrigal
Formations in the upper Narrabeen Group in the north‐eastern part of the Sydney Basin. In
the southern part of the basin uplift of the LFB to the southwest, led to the tilting and erosion
of Late Permian and Early to Middle Triassic sediments. The deposition of the Middle
Triassic Hawkesbury Sandstone occurred in an alluvial environment that was compared to
the huge Brahmaputra River system in Bangladesh by Conaghan & Jones (1975). The
Hawkesbury Sandstone is up to 250 m thick and predominantly coarse quartz rich sandstone
that was probably derived from upper Devonian quartzites in the LFB (Herbert & Helby
1980). During a final major transgression, the subaqueous, shallow marine and minor
alluvial deposits of the Wianamatta Group are the last recorded phase of sedimentation
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directly related to the tectonic development of the Sydney Basin and marks the end of
recorded sediment deposition of the Sydney Basin (Herbert & Helby 1980; O’Neill & Danis,
2013). Extension and breakup in the Tasman Sea beginning in the Late Cretaceous resulted
in the current structural boundaries of the basin's eastern margin (O’Neill & Danis, 2013).
There is no direct evidence for Late Triassic, Jurassic, or Cretaceous sedimentation within
the Sydney Basin. Indirect evidence for sedimentation at this time, however, includes:
•

The Jurassic volcanic breccia pipes (diatremes) that crop out on the northwestern
margin of the basin;

•

It is suggested that rank of the coal laminae present in the Wianamatta Group
indicates that they might have been buried under a kilometre of sediment;

•

The zeolites in the coal measures within the Wianamatta Group have been attributed
to diagenesis, but it is suggested that burial metamorphism may have been the cause
and would have required burial beneath a thick sequence of sediment that has since
been eroded (Mayne et al., 1974);

•

The type of Cretaceous sedimentation in the Great Artesian Basin indicates that a
large portion of the clastic detritus was derived from a southeasterly source; this
could not have been the older Palaeozoic rocks, and the Wianamatta Group was too
small;

•

The Jurassic beds in the Clarence Basin to the north, are over 2 km thick;

•

Early Jurassic volcanic activity resulted in the formation of the Prospect dolerite
intrusion in Prospect Hill, which indicates that there was overlying sedimentary rock
which has subsequently been eroded, exposing the intrusive dome (Johnson, 1989;
Morrison, 2005; Jones et al., 2017);

•

The Permo-Triassic rocks contain plant spores that are commonly carbonized, and
some of the fossil leaves have been replaced by graphite; and

•

In New Zealand, Jurassic sediments in the Kaweka Terrane have been derived from
a 'Tasmantis' to the west (Mayne et al., 1974; O’Neill & Danis, 2013).

As such, many authors believe that it is possible for deposition to have continued through
the Jurassic and possibly Cretaceous, but any sediment deposited during that time has since
been eroded (Mayne et al., 1974; Herbert & Helby, 1980; O’Neill & Danis, 2013).
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2.3 Snapper Point Formation
The Early Permian Snapper Point Formation is one of the uppermost units of the Conjola
Sub-group and one of the basal units of the larger Shoalhaven Group in the southern Sydney
Basin (Figure 3); as such, it forms part of the basal Sydney Basin. The formation
conformably overlies the Pebbley Beach Formation, Clyde Coal Measures and Yarrunga
Coal Measures; and is overlain by the Wandrawandian Siltstone and Nowra Sandstone.
Farther northwest, surrounding Tallong and where the Clyde and Yarrunga Coal Measures
are absent, the formation unconformably overlies the pre-Permian basement rocks of the
Lachlan Fold Belt (Gostin and Herbert, 1973; Tye, 1995; Shi and McLoughlin, 1997). The
Snapper Point Formation is argued to correlate with the lower portion of the Branxton
Formation in the Hunter Valley, while the Porcupine Formation is also stated to be
equivalent to the Snapper Point Formation (Dickins et al., 1969; Runnegar, 1980).
The earliest work in this region was carried out by David and Stonier (1891) and Harper
(1915), who named some of the basic stratigraphic units in the region. The first
comprehensive study of the area was the reconnaissance mapping and stratigraphic model
for the southern Sydney Basin, undertaken by McElroy and Rose (1962). This was later
modified by Gostin and Herbert (1973) who described the type section of the Snapper Point
Formation. Further widespread studies of the southern Sydney Basin, including the Snapper
Point Formation, were carried out by Tye (1995) and Tye et al. (1996) including a sequence
stratigraphic interpretation of the coastal and more inland outcrops and presented a revised
litho-stratigraphic model which is consistent with the tectonic development of the basin.
Gostin (1968) undertook the first detailed study of the coastal exposures of the southern
Sydney Basin which he built upon in Gostin and Herbert (1973) when they defined the type
section of the Snapper Point and was later built upon by the work of Carey (1978), Ramli
and Crook (1978), Runnegar (1980), Herbert (1980), Stutchbury (1989), Bann (1990),
Mifsud (1990), Straub (1993), Tye (1995), Tye et al. (1996), and Eyles et al. (1997, 1998).
In-depth paleontological and ichnological studies have been published by Runnegar (1969,
1980), Dickins et al. (1969), Carey (1978), McCarthy (1979), Bann (1990, 1998) and Bann
et al. (2008). Eyles et al. (1997, 1998) provided depositional and environmental
interpretations of the lower Shoalhaven Group with an emphasis on glacial influences;
however, Bann (1998) reported that these studies were notably flawed by a number of
inaccurate ichnological and environmental interpretations.
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The type section of the Snapper Point Formation was defined by Gostin and Herbert (1973),
where it crops out along the coast, between its lower boundary at Clear Point and its
uppermost boundary at Crampton Island. The uppermost boundary of the formation can also
be seen at Bannisters Point; while it is laterally extensive and extends farther north where it
is visible at Jervis Bay and inland, as far west as the Kangaroo Valley, NSW (Gostin, 1968;
Gostin and Herbert, 1973; Tye, 1995). In this sense, the Snapper Point Formation is laterally
widespread along the NSW coast and is spectacularly exposed in extensive coastal outcrops.
Rifting was initiated in the Late Carboniferous to Early Permian (Cisuralian epoch),
possibly within a backarc environment (Scheibner, 1974, Battersby, 1981, Murray, 1990,
Fielding et al., 1990). Following this, a phase of passive thermal subsidence occurred (Tye
et al., 1996), with the deposition of the Snapper Point Formation being initiated by retroforeland basin extension of the New England Fold Belt (Bann, 1998; Brakel and Totterdell,
1990; Scheibner, 1993; Shi and McLoughlin, 1997), and flanked to the west by the Lachlan
Fold Belt and to the east by a resurgent and emergent volcanic arc (Tye et al. 1996). In
response to the melting of the major Permo-Carboniferous ice sheet, the Permian
corresponds with a period of general sea-level rise. This overall rise in relative sea-level
resulted in the deposition of the lower Shoalhaven Group being controlled by fluctuations
in sea-level, leading to the fluvial facies yielding to the shallow marine facies of the Snapper
Point Formation and then further giving way to the deeper shelf facies of the
Wandrawandian Siltstone (Tye, 1995; Tye, et al., 1996).
The Snapper Point Formation is a transgressive shallow marine succession, with coastal and
fluvial successions present (Gostin and Herbert, 1973; Tye, 1995; Bann, 1998; Baydjanova
& George, 2019). It comprises marine terrigenous sediments which originated from the
south west of the study area (Gostin and Herbert, 1973). The formation has a sheet-like
architecture and was primarily deposited in a shallow marine, inner to middle shelf
environment with water depths between 25 m and 60 m, with most sequences signifying a
storm-dominated shelf environment; indicated by the presence and high frequency of
hummocky and swaley cross-stratification and wave-rippled conglomerate beds. (Bann,
1990; Bann et al., 2008; Baydjanova & George, 2019; Carey, 1978; Tye, 1995). Eyles et al.
(1998) interpreted the formation to have been deposited on a slowly subsiding storm and
glacially influenced continental shelf with different scales of sea-level fluctuations.
The western portion of the formation is composed of coastal and beach successions, with an
exposure in a road cutting on the Princes Highway, north of Milton (Tye, 1995) and farther
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west, fluvial successions are more prominent (Bann et al., 2008). Where the Snapper Point
Formation interdigitates with the upper parts of the Yadboro and Tallong Conglomerates,
there exists local evidence of fluvial deposition. Amalgamated hummocky cross-stratified
sandstones crop out between the fluvial units and indicate alternation between fluvial and
marine deposition. Tye et al. (1996) suggested that the fluvial intervals resemble sandy
braided-river environments and were probably deposited on a braidplain delta and
represents a series of progradational river facies from the Yadboro Conglomerate deposited
into a wave-dominated marine environment. The progradation probably reflects minor
changes in relative sea-level over short periods when sediment supply exceeded the rate of
subsidence, superimposed upon the largescale transgression represented by the Snapper
Point Formation and the overlying Wandrawandian Siltstone (Bann, 1998; Tye et al., 1996).
Tye et al. (1996) reported that these fluvial deposits, that were referred to as the Jindelara
fluvial facies by Evans et al. (1983), are within the Snapper Point Formation, as they did not
constitute distinct and mappable lithologies due to being lithologically equivalent to the
Snapper Point Formation.
Due to the lateral extent of the Snapper Point Formation, the facies sequences are diverse
(Tye, 1995). The Snapper Point Formation is dominated by sandstone facies with
conglomerate beds (Shi & McLoughlin, 1997). The sandstone facies consist predominantly
of fine- to medium-grained quartz-rich sandstones with very coarse sandstones common
throughout (Gostin, 1968; Gostin and Herbert, 1973; Shi and McLoughlin, 1997). The
sandstones are commonly dominated by storm-deposited hummocky and swaley crossstratification, minor low-angle trough cross-bedding and ripple marks (Carey, 1979; Eyles
et al., 1997; Shi and McLoughlin, 1997; Tye et al., 1996). Many of the sandstone units
throughout the succession are strongly bioturbated, with many having little to no remnants
of internal bedding structures (Carey, 1979; Shi and McLoughlin, 1997; Tye et al., 1996;
Bann et al., 2008).
The formation contains an abundance of exotic, clasts and megaclasts that are
predominantly present in the form of ripple marked conglomerate-like beds. These beds
contain a range of clast sizes upwards from granular size (2 mm) and are present in diverse
thicknesses and lateral extents (Gostin and Herbert, 1973; Shi and McLoughlin, 1997; Tye
et al., 1996). Large megaclasts are observed within fine grained sandstones; the largest being
l48 cm x 120 cm in size, was recorded by Gostin, (1968) occurring in a very fine-grained
sandstone south of Pretty Beach. Some minor beds of siltstone occur sporadically
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throughout the sequence, especially south of Merry Beach (Gostin, 1968; Shi and
McLoughlin, 1997). Many of these beds are highly carbonaceous, with some reportedly
containing thin coal stringers up to 4 cm thick (Shi and McLoughlin, 1997). In places,
strongly bioturbated, interbedded siltstones, mudstones and sandstones are indicative of
deeper water, mid-to-outer shelf environments recording episodes of accelerated subsidence
of the basin (Eyles et al., 1997; Tye et al., 1996). The presence of limited carbonaceous finelaminated siltstone units may also suggest a protected backshore or tidal flat environment,
at least for some time intervals during the deposition of the Snapper Point Formation (Shi
& McLoughlin, 1997).
The formation contains many well-preserved trace and body marine fossils (Carey, 1978;
Shi and McLoughlin, 1997; Bann et al., 2008). Marine body fossils such as bivalves,
brachiopods and gastropods occur sporadically throughout the formation with certain
horizons containing numerous fossils. (Gostin, 1968; Shi and McLoughlin, 1997). Bivalves
are most common but brachiopods, gastropods, polyzoans and rare crinoid stems have also
been found throughout the formation (Gostin, 1968). Shi and McLoughlin, (1997) reported
one such horizon at the base of the formation at Clear Point, which contains a mass fossil
death assemblage of thousands of Eurydesma hobartense (Johnston) valves heavily
compacted into a single conglomerate/sandstone layer approximately 1 m thick. A variety
of trace fossils, commonly in the form of burrows, are present throughout the formation,
predominantly clustered within individual sandstones beds; including burrows of the species
Rhizocorallium (Carey, 1998; Gostin and Herbert, 1973; Bann et al., 2008). Dickens et al.
(1969) have provided a detailed fauna list of the lower 120 m of the Snapper Point
Formation, to which they indicate a correlation between the Snapper Point Formation and
the Farley Formation in the Hunter Valley. It has also been implied that there is a correlation
between the upper 30 m of the Snapper Point Formation with the Late Artinskian aged,
Branxton Formation of the northern Sydney Basin, due to the presence of the bivalvedominated horizons (Gostin and Herbert, 1973; Shi and McLoughlin, 1997; Scheibnerova,
1982; Bann et al., 2008).

2.4 Chapter Overview
During the Late Palaeozoic, the Permo-Carboniferous glaciation impacted much of
Gondwana and parts of southern Australia. Evidence of Late Palaeozoic glaciation within
Australia has been readily studied since the first recording of glacial striations in 1859 by
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Alfred R.C. Selwyn (Selwyn, 1860). Likewise, Late Carboniferous to Permian glaciation of
south eastern Australia, have been forthcoming with widespread glacial marine deposits and
diamictites through the Early Permian Sydney Basin. The Sydney Basin developed through
the Early Permian through to the Middle Triassic, with much of the early deposition relating
the volcanism and marine-related glaciogenic deposition. However, there is little direct
evidence of glaciation or grounded ice within the Sydney Basin, leaving many to believe
that only alpine and valley glaciation affected the region.
The Early Permian Snapper Point Formation is one of the basal units of the Shoalhaven
Group in the southern Sydney Basin and as such forms part of the basal Sydney Basin being
one of the earliest deposited successions. It is a transgressive shallow marine succession,
primarily deposited in a shallow marine, inner to middle shelf environment, with coastal
and fluvial successions present on the western portions of the formation (Gostin and
Herbert, 1973; Tye, 1995; Bann, 1998; Baydjanova & George, 2019). The formation
contains a variety of shallow marine shelf environments and sedimentary facies including,
predominant hummocky and swaley cross-stratified sandstones, beds of exotic dropstone
clasts, abundant well-preserved trace and body fossils and highly bioturbated and calcareous
sediment beds.
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Chapter 3
Methods
3.1 Site Selection and Fieldwork Methods
Fieldwork for this project was conducted on the outcrop and coastal exposure at Snapper
Point, near Kioloa, NSW. This outcrop is regarded as a representative section of the shallow
marine portion of the Snapper Point Formation by Gostin and Herbert (1973) and as such
was the focus of my investigations. Several field trips were conducted to the coastal
exposure at Snapper Point, and standard geological fieldwork practices were performed on
the sedimentary features. These included;
•

observations, descriptions and quantifiable measurements of the primary
sedimentary features and facies;

•

stratigraphic logs and measured sections were made to record and determine the
sequence stratigraphy and facies architecture of the outcrop and, as such, were
performed on every portion of the coastal outcrop accessible by foot, while a drone
was used to photograph the cliff face, to be combined with the measured sections
for further study; and

•

photographs, diagrams, and line maps of several significant features within the cliff
faces were produced to aid in analysing and describing these features in the Snapper
Point Formation.
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Figure 3.2: Locality map of where the sections of the Snapper Point were measured (in yellow), to produce the stratigraphic logs.
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Figure 3.3: Locality map of the various features mentioned in the text.
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3.2 Drone Photographs
Elevated cliff faces, in outcrops, may not be easily accessible or viewed and as such, may
lack adequate investigation and analysis, and therefore, may not be accurately described in
the literature. Even if the facies in the cliff face can be viewed elsewhere along the outcrop,
analysis of that section will be lacking, and this may yield different results and
interpretations. Therefore, a drone was used for photographing the upper-most, inaccessible
cliff faces of the coastal exposure at Snapper Point.
A DJI Phantom 3 Advanced drone was deployed for the capture of cliff face photos in this
project. This drone was equipped with a 1/2.3” CMOS camera which captures 12-megapixel
photos. Using this drone, a series of vertical photos of the cliff face have been taken, in
several key locations along the platform and cliff face. This was done by flying the drone
straight up the cliff face and returning back down on the slightly different trajectory, to gain
more angles of the target features. Photographs were taken at regular intervals during each
flight and they covered a portion, approximately 50%, of the previous photo so that they
could be mosaiced together using the program, Agisoft PhotoScan, to produce several 3D
models of the cliff face. Each series of vertical photographs included a scale at the base of
the platform to take a measured section of the cliff face and extend the stratigraphic logs
In order to safely and accurately capture these vertical photos, 3 people were tasked to
execute this operation. Firstly; one person was tasked with controlling the drone while
standing behind it and making sure it went straight up in a vertical line with minimal
deviation; one person to watch for hazards, like other people and animals entering the flight
zone; and one to watch the drone and the cliff face from the side, to make sure that it is a
safe distance from the cliff face but still close enough to capture detailed and high resolution
photographs of the cliff face. During each individual flight there was a planned take off site
and primary and secondary landing sites as a backup in case any issue arose, such as
increased wind or an animal or people prevented the use of one landing site.
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3.3 Software
3.3.1 Agisoft PhotoScan
Agisoft PhotoScan is an advanced image-based 3D photogrammetry modelling software,
which functions to produce polygonal 3D models from stationary images. The program
being based on the latest multi-view 3D reconstruction technology, operates with arbitrary
images and is efficient in both controlled and uncontrolled conditions. Photographs can be
taken from any position with the only requirement of the images being that the targeted
object is available within at least two photographs. Both image alignment and 3D model
reconstruction are fully automated. The program utilised in this project was Agisoft
PhotoScan Professional version 1.4.2 build 6205 (64 bit).
The software operates under four main stages of processing: camera alignment, building a
dense point cloud, mesh building and texturing (Agisoft, 2018). Once the drone work had
been finished, the photos that had been captured, were added into the PhotoScan. The first
stage is camera alignment where PhotoScan searches for common points within the
photographs and matches the pixels between them (Agisoft, 2018). Additionally, it
estimates the position of the camera for each image and as a result, a sparse point cloud and
a set of camera positions are formed. The sparse point cloud represents the results of photo
alignment and will not be directly used in further processing; however, it can be exported
for further usage in external programs. However, the set of camera positions is required for
further 3D surface reconstruction by PhotoScan (Agisoft, 2018). The next stage is
generating a dense point cloud, which is built based on the estimated camera positions and
individual images themselves. The program calculates depth information for each camera
which is combined into a single dense point cloud. Proceeding to the third stage is the
generation of a surface mesh. A 3D polygonal mesh is constructed to represent the object
surface based on the dense point cloud, by using each point within the dense cloud as a
vertex to be linked by a series of lines, establishing polygons (Agisoft, 2018). After the
surface is reconstructed the fourth and final processing stage is where the mesh can be
textured by ‘wrapping’ it with a textural mosaic of the original aligned images, producing a
textured 3D model (Agisoft, 2018). Once a 3D model of each flight was produced, it was
saved and exported, and an image of each model was captured and exported as a TIFF file
(Agisoft, 2018).
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3.4 Chapter Overview
Fieldwork for this project was conducted on the outcrop and coastal exposure at Snapper
Point, near Kioloa, NSW. Several field trips were conducted, and standard geological
fieldwork practices were performed on the sedimentary features. A detailed measured
section was performed at Snapper Point, from the southern outcrop at Pretty beach to the
top southern margin of the cliff face at Snapper Point. A secondary measured section was
performed on the northern portion of the outcrop, from the southern portion of Merry Beach
to the top of the northern cliff face. In addition, A drone was used to photograph and describe
the elevated and inaccessible cliff faces, present in the outcrop at Snapper Point. The
photographs captured from the drone were imported into Agisoft PhotoScan and used to
produce several 3D models. These models were used to assist in describing and analysing
the outcrop and producing the lithostratigraphic logs.
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Chapter 4
Results
4.1 Sedimentary Facies of the Early Permian Snapper Point
Formation
The Snapper Point Formation succession present at Snapper Point includes of a variety of
sedimentary facies of sedimentary structures; primarily represented by hummocky and
swaley cross-stratified sandstones, bioturbated sandstones and dropstone facies. The
sandstone facies varied considerably across the lateral expanses of the outcrop, while in
contrast, the majority of dropstone facies, could be traced along large expanses of the the
outcrop and sometimes across the entire outcrop. A 3 to 4 degree dip, to the southeast (130o),
of the overall sequence was recorded.
4.1.1 Lithostratigraphic Analysis of the Snapper Point Formation.
A detailed measured section was performed at Snapper Point, from the southern outcrop at
Pretty beach to the top southern margin of the cliff face at Snapper Point. A secondary
lithostratigraphic log was performed on the northern portion of the outcrop, from the
southern portion of Merry Beach to the top of the northern cliff face. Two lithostratigraphic
logs were done as the facies varied between the two portions of the Snapper Point outcrop
and serve to show the lateral variation that exist throughout this sequence.
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Figure 4.3: Vertical Model 2. A model of the cliff face at south Pretty Beach, contains a portion of the thickly bedded
fine-medium-grained sandstones succession and hummocky and swaley cross-stratified sandstone succession at the top.
Note: Tape measure is 2 m long.
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Figure 4.10: Two even larger scale models showing the southern portion of the Snapper Point, just north of Pretty Beach. Note: Tape measure is 1 m long.
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4.2.1 Sandstone Beds
The sedimentary sequence at Snapper Point consists a variety of sandstone beds, with over
230 individual beds recorded. The thickness of the sandstone beds range from 5 cm to over
8 m with an average bed thickness of 48 cm, most of the beds clustered between 5 cm and
55 cm. The vast majority of sandstone beds are fine- to medium-grained between
approximately 200 to 350 μm, with some minor coarse- to very coarse-grained and even
granular sandstones present. Seventy two sandstone units, where visible, are predominantly
well-bedded, consisting of mostly low angle (less than 20 degrees) hummocky and swaley
cross-stratification, with some dips up to 30 degrees. The wavelength of the hummocky and
swaley cross-stratification was hard to accurately determine due to intense weathering but
is likely in the order of a 5 m. Limited massive and planar bedded sandstones were also
observed. An approximately 1 m thick unit of very pristine, white sandstone was noted at
top of the cliff face extending across the entire coastal outcrop from Merry Beach to Pretty
Beach and can be seen at the top of the measured section.
The sandstone beds contain varying degrees of bioturbation, with over 160 of the sandstone
beds containing greater than moderate bioturbation, (Figure 4.14). The thickness of the beds
ranged from 1 cm to 4 m. The more intensely bioturbated sandstone units are typically finer
grained than the non-bioturbated sandstones, nonetheless, remaining fine-grained between
approximately 125 to 250 μm. The bioturbation was most notably in the form of burrows
including and escape burrows in the rarely bioturbated cross-stratified sandstones. Using
the bioturbation index proposed by Taylor and Goldring (1993), which provides a
quantitative measure of the intensity of bioturbation, the bioturbated sandstone beds were
able to be placed in categories representing their level of bioturbation. The average
bioturbation grading of all sandstone beds was bioturbation grade 3. However, the
predominant grading of bioturbated sandstones that have experienced at least grade 3
bioturbation (Figure 4.14) in the Snapper Point sequence are grades 5 and 6, equating to
90% to 100% bioturbation. These beds consist of abundant to complete bioturbation with
limited to no internal bedding structures, repeated overlapping and complete sediment
reworking. The bioturbation sequences south of Pretty Beach are largely homogenous, thick
(>1m) heavy bioturbated medium-grained sands. Lenses of swaley cross-stratified
sandstones were recorded in beds of bioturbated sandstone, and vice versa.

43 | P a g e

up to 1 or 2 cm towards the top of the unit. Minor, very low-angle cross-bedding, possibly
hummocky and swaley cross-stratification, are observed throughout this unit. Sharp contacts
are seen on the base of the interbedded sandstone and siltstones beds. This units contains
minor, grade 2, bioturbation (Figure 4.14).
Sporadic lone stones were observed throughout the Snapper Point outcrop and observed
across both bioturbated and non-bioturbated sandstones (Figure 4.15c). These lone stones
were observed in various sizes ranging in size from 1 cm to 34 cm. Their roundness differed
significantly from rounded to angular with the larger clasts being particularly more angular,
than the more notably rounded and spherical smaller clasts. The lithology of the lone stones
is extremely variable, most notably comprising various sandstones, mudstones, granites,
other igneous rocks and the rare metasedimentary lone stones.
Scarce load cast and ball-and-pillow structures were observed throughout different locations
in the sequence, ranging from 2 cm to 3 m in width. Minor load cast-like structures, between
6 cm and 10 cm, were observed sporadically in the northern portion of the sequence, south
of Merry Beach (Figure 4.15d). These were only observed within a sandstone unit below a
dropstone bed, where the dropstone beds were observed dipping into the sandstone units,
likely formed by the dropstones themselves impacting the underlying sandstone bed.
However, unlike load casts these structures were not seen repetitively across the beds and
were only lone and scarce, appearing somewhat randomly.
One particular sandstone unit, to the north of Pretty Beach, contained several ball-andpillow structures, with widths of between 2 to 3 m and a maximum of 50 cm thick. These
structures were traced along the entire southern portion of the Snapper Point outcrop, where
the unit was visible (Figure 4.15e & 4.15f).
Several additional sedimentary features were observed within the sandstone facies including
several concretionary structures of an approximate thickness of 20 cm were also observed
within the various sandstone beds. A large 8.1 m cast of a 20 cm wide petrified log was
observed within a bioturbated sandstone unit in the northern outcrop, south of Merry Beach
(Figure 4.19c).
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Figure 4.17: Locality map of the quadrats performed at Snapper Point. Note: they were only performed on the northern portion of Snapper Point as body fossils were not visible
in the southern portion.
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4.3 Soft Sediment Deformation Structure
Present in the cliff face at Snapper Point, southwards of Merry Beach, is a sequence of
interbedded hummocky and swaley cross-stratified sandstones, bioturbated sandstones and
dropstone beds that has been affected by an extremely large scale post-depositional, soft
sediment deformation structure (SSDS; Figure 4.23). This deformation feature is 2 to 3 m
thick and is laterally widespread, extending along the cliff outcrop for approximately 40 m.
The zone of deformation protrudes through multiple beds and impacts a myriad of different,
underlying and undisturbed marine facies, including, bioturbated sandstones, hummocky
and swaley cross-stratified sandstones and dropstone beds. The SSDS’s upper surface is
bound by a low relief erosional contact surface, covered by a 5 cm thick dropstone unit that
truncates the underlying deformation facies. Deformation in this structure takes the form of
open concave-up folds; with two lobes, either side of a central trough, consisting of a swirly
appearance. The structure has very chaotic, heavily deformed appearance, especially on the
Merry Beach side, with chaotically packed, massive to loosely stratified, poorly sorted
pebbly sandstones. In the central trough of the feature, bioturbated mudstone is observed
between the two inward facing folds. Several large boulder size dropstone clasts were
recorded within the structure, with only two present at the base of the deformation.

Figure 4.23: An image of the Soft-Sediment Deformation Structure, present in the Snapper Point outcrop. See figure 4.11
and figure 4.12 for further reference.

55 | P a g e

4.4 Chapter Overview
Two detailed lithostratigraphic logs and several 3D models were produced, described and
analysed and can be viewed in appendix 1 and 2, respectively. The results of the drone
showed the usefulness of a drone in the field to gain a better view and understanding of
elevated cliff faces. Over 200 sandstone beds were recorded with varying degrees of
bioturbation and hummocky and swaley cross-stratified sandstone, ranging in thickness
from 5 cm to over 8 m. Several highly organic laminated mud and shale units were observed
as well as a 2.5 m succession of thinly cross-laminated interbedded sandstones and
siltstones. The results highlight the apparent steadiness of the sedimentary facies by being
predominantly intensely bioturbated sandstones and frequent hummocky and swaley crossstratified sandstones.
Two-hundred and twenty four dropstone beds were recorded between the two outcrops with
128 beds recorded within the measured section. The dropstone beds are indiscriminately
packed, laterally persistent and range in thickness from 3 to 30 cm. The principally quartz
clasts are chaotically packed together and range in size from 1 mm to 19 cm existing in two
main groups of 2 to 10 mm and 2 to 5 cm clasts within each dropstone bed. The use of a
larger scale on a measured section and stratigraphic log, while increasing the size and length
of the log, provides a more comprehensive analysis of the smaller beds and thus a true
representation of the abundance of the dropstone beds throughout the outcrop. Not only did
the results show that the beds were clustered towards the upper portion of the section but a
higher resolution stratigraphic logs displayed the apparent groupings of dropstone beds
throughout Snapper Point.
Present in the cliff face at Snapper Point, is an extremely large scale post-depositional, soft
sediment deformation structure (SSDS). This deformation feature is 2 to 3 m thick and
approximately 40 m wide appearing chaotic with a heavily deformed appearance, especially
on the Merry Beach side, with chaotically packed, massive to loosely stratified, poorly
sorted pebbly sandstones.
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Chapter 5
Discussion
This chapter discusses the results of this study and their palaeoenvironmental significance,
as well as the advantages and limitations of the drone methodology which was used to
produce part of the results. The sections which follow are centred on discussing the
mechanisms and processes that may have led to the Permian palaeoenvironment and the
deposition of the dropstone beds and soft sediment deformation structure; and whether the
results demonstrate evidence for the hypothesis that the dropstone beds are created by
icebergs from Heinrich-like events. This will then be discussed and placed within the
context of the Permian Australia (Gondwana).

5.1 Method Application
The use of drones to photograph the cliff faces was an appropriate method to more
accurately survey and record the sedimentary and stratigraphic features of the cliff faces in
this field study and potentially many others. Although the resulting interpretations and
measurements of this study are the primary significance of the thesis, the fact that the drone
model was able to be produced, and it added beneficial components to the thesis, verifies
the drone as an appropriate method to obtain them. The final models produced of the outcrop
are alone of great interest as both a scientific and demonstrative tool. The method
development stage of this study followed a logical technique, whereby the drone would be
flown up the cliff face in a vertical manner, taking photos at regular intervals, to extend the
measured section up that portion of the cliff face. In the instance of an interesting feature of
the outcrop or within a cliff face, a stationary flight would be performed to photograph the
feature to later create a 3D model of the structure.
The use of a drone or UAV in the field, provided many benefits to this research project.
Most importantly the drone granted access to the out of reach vertical cliff faces at Snapper
Point, allowing a more detailed analysis and accurate measured section to be produced on
those facies, then previously available. When combined with the program Agisoft
PhotoScan, the drone provided the ability to produce 3D models of the cliff face, something
that has not been performed on the Snapper Point Formation before, to my knowledge. This
not only aids in the ability to demonstrate or display the sedimentary facies and features of
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the Snapper Point Formation present at Snapper Point but provides an accurate real-time
analogue or representation of the facies that cannot be fully captured in any number of
ground-based photographs or detailed sedimentary log.
The usage of these drone photograph collection methods within highly variable coastal
environments, such as that of this study, proved exceedingly problematic due to large
disparities in light intensity. This occurred from the varying camera angles needed to capture
the cliff line from either above or below, and the slow change in light values from the
changing time of day. These changes had a profound impact in the brightness or subsequent
shadowing of the cliff face or in some cases directly on the lens itself. In order to prevent
difficulties in creating the models, the user must make sure the lighting conditions on the
targeted feature or cliff face are relatively constant throughout the flight or alternatively
different camera settings are used to deal with these changing conditions; with the former
being the more optimal but not always available option. This was an issue during the
fieldwork and prevented some models from being used due to an inability of the captured
photographs to be properly aligned.
High and unpredictable winds were one of the biggest challenges doing the field work.
Being a coastal outcrop, it was susceptible to high winds which were experienced doing the
second set of fieldwork. These winds severely limited the fine control of the drone and
reduced its flight time, due to loss of battery power as the drone tries to maintain its position
in the sky. Strong winds can blow the drone off course, into obstacles like the cliff face
being mapped, and or beyond the range that can be recovered, like the ocean, and at one
stage forced us to abandon the operation for the day. While there was no rain on days that
the drone was used, current UAVs are not waterproof, which will limit their use in rainy or
wet conditions. As such, on days of unreliable weather, cloud cover and lighting conditions,
the drone may not be a viable field implement for highly detailed modelling or fieldwork.
However, these issues are manageable and should not discourage scientists from utilising
drone in the field, for instance, the impact of strong winds can be mitigated by breaking the
flight into smaller flights or components to reduce the time the drone is in the air and can
be manipulated by the strong winds.
The wide available uses and applications of UAVs and drones has led to a notable legal
‘gray area’ where governments are trying to regulate their use. Whether intentionally or
otherwise, drones can aggravate wildlife, disturb natural features, impact and potentially
collide with aircraft and cause vast privacy concerns. It is important for researches who
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utilise drone to use them in a responsible and conscientious manner, being aware of the
potential risks and ethics involving their use. With this in mind, an Aviation Reference
Number (ARN) was acquired and the proposed flights were registered with the Civil
Aviation Safety Authority (CASA). In addition, the South Coast Branch of the NSW
National Parks and Wildlife was contacted to gain permission to fly the drone at Snapper
Point, which we were notified and asked to be careful of a couple of Peregrine falcons that
nest on the cliff face.
It was unknown initially quite how much time was needed for PhotoScan to produce
extensive and detailed models. This resulted in extremely long processing times, as well as
limitations on the final achievable quality of the models. Similar issues were noted by Bevan
et al. (2014), even on their much more well equipped 64 GB RAM computer system.
However, the quality of the models achieved were very suitable for this project. Therefore,
the use of a drone in itself, or with the addition of related modeling programs, can provide
scientists with another valuable tool, to allow the remote interpretation of areas which are
either difficult to reach or too dangerous for traditional field techniques.

5.2 Sedimentary Palaeoenvironments
The constant presence of heavily bioturbated sandstones described throughout the sequence
indicates that the predominant environment of deposition involved prolonged periods of low
energy deposition in a calm marine environment. This allowed the deposited sandstones to
become highly bioturbated by increased and sustained faunal activity. The presence of
hummocky and swaley cross-stratified sandstones indicates that this low energy
environment was continually being interrupted by frequent and intense, high energy storm
events. Indicating a storm-dominated shelf environment, located above storm wave base but
below fair-weather wave base. The presence of hummocky cross-stratification indicates a
water depth of approximately 25 m to 50 m, in an area of frequent and intense storm activity
(Allen, 1984). Very little seismicity or tectonic activity impacted the Snapper Point
Formation during or after deposition, as indicated by the very shallow dip.
The dropstone beds appear not to be related or restricted to any single facies type or
depositional environment, as they constantly occur throughout the entire Snapper Point
sequence in both rapid storm dominated environments and finer-grained, low energy
environments. Similar beds and facies are noted to be found in surrounding and
stratigraphically equivalent formations, including the Pebbley Beach Formation and
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Branxton Formation (Shi and McLoughlin, 1997). There is no indication of a change in
environments or the depositional setting of the facies, above or below the beds, with many
dropstone beds occurring within individual facies. The dropstone facies are not interpreted
as fluvial conglomerates, as the presence of hummocky and swaley cross-stratification in
surrounding sandstones indicates that they were deposited in a shallow marginal marine
setting. There is no evidence of repeated transgressions and regressions, suggesting that the
environment remained a shallow marginal marine setting during their deposition. Modes of
deposition such as mass movement can be rebuffed as the majority of megaclasts and
dropstone facies occur in relatively fine- to medium-grained sediments. In contrast, when
gravity-induced mass movement occurs, they are prone to destroying bedding features in
surrounding sediments and are often interbedded with turbidites (Crowell 1957, Reineck
and Singh 1973). Their initial deposition appears to be independent of the depositional
processes along the sea-floor. These characteristics combined with the abundance of
dropstones in the undisturbed marine strata, all suggest deposition from melting sea-ice as
ice-rafted debris.
Glaciers and ice sheets commonly contain masses of rock and debris that have been eroded
from the surrounding landscape as the glacier or ice sheet moves along the ground grinding
up and eroding rock. Erratics in continental ice sheets, sea ice sheets and river ice are on the
base of the icebergs and floes. Whereas in alpine and valley glaciers, debris can be
transported on both the base and top of the glacier. As the glacier or ice sheet moves over
the ocean (Figure 3), over time icebergs break off and are moved across the ocean. It is
surmised that these icebergs have then ice-rafted to above the shallow marine environment
fo the Snapper Point Formation. As these icebergs move into warmer waters over time, they
begin to melt, dropping their load of erratic rock into the ocean depositing a layer of ice
rafted debris (IRD) on the seafloor (Figure 4). Once these beds of IRD are dumped on the
seafloor they may be reworked by various marine processes (Anderson and Lee, 2013). The
presence of mega ripple marks suggests that the dropstone beds at Snapper Point have been
reworked by storm wave processes, i.e. storm reconcentrated or storm lag deposits, which
caused the removal of the finer sediment. Also, the shells could just be collected with the
dropstone beds due to the reworking and winnowing of the previously deposited beds.
During the Permo-Carboniferous glaciation, larger glaciers and continental ice sheets in the
area could be responsible for the presence of icebergs and therefore, a portion or all of the
dropstones. However, the lack of evidence for continental ice sheets in the region may imply
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that the icebergs have come from elsewhere, outside the region of the Sydney Basin. The
abundance of sub-rounded to rounded clasts, suggests glaciofluvial involvement. Clasts may
have been shaped in Late Carboniferous as fluvial sediments and rivers would have also
been active in the Permian during summer or warmer periods; clasts would also be rounded
by wave action, but to a lesser extent. There is evidence in the formation of trees growing
on the surrounding land similar to Alaska, in the form of coalified and fossilised wood,
indicating, that there were periods of a warmer climate and an absence of large ice sheets
and glaciers. When glaciers, ice sheets and river ice advanced, they would transverse over
these rivers, freeze around the clasts, collecting the fluvial sediments or clasts on the
underside of the glacier or ice sheet. The clasts would then be transported together with the
standard more angular glacial pebbles and move offshore as sea ice, breaking up as ice floes
and icebergs during spring break-up. When they were deposited, the various clasts mixed,
with some being reworked by storm events.
The comparatively low assortment of marine fauna in the lower portions of the section may
suggest that cold water conditions reigned during the time of sediment deposition. Thus,
preventing marine fauna from thriving. The first introduction of body fossils in this
sequence occurs almost halfway through the sequence. Concurrently, the dropstone beds
appear to increase in abundance after the middle of the sequence, suggesting a link between
the increase in fauna growth and the increasing abundance of the dropstone facies. Due to
the dominance of the Permo-Carboniferous glaciation throughout the Early Permian, it may
have prevented organisms from being able to survive in this environment and icebergs from
breaking off the ice sheet. However, the increase in both shelled organisms and IRD may
possibly indicate a warmer climate, suggesting that the Permo-Carboniferous glaciation
started to deteriorate, allowing the organisms to be able to thrive and subsequently resulting
in more icebergs breaking off the ice sheet, melting and depositing their IRD in this
environment.
The presence of clusters of dropstone beds suggests episodic deposition, indicating cyclic
or episodic influx of icebergs and ice-rafted debris into the region. This may indicate
seasonal ice but due to the abundance and presence of these beds in prolonged bioturbated
sandstone it may indicate possibly larger time-scale events, such as Heinrich events.
5.2.1 Heinrich Events and interrelated Quaternary Dansgaard–Oeschger cycles
Uniformitarianism is the principle whereby the geological features of the Earth form not by
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catastrophic events but evolve through the action of gradual processes that can be observed
today, over a seemingly continuous period of time and apply everywhere throughout the
world and the universe (Summerfield, 1991). There are four distinct ideas or meanings of
the law of uniformitarianism, which are the Uniformity of Law, the Uniformity of Process,
the Uniformity of Rate (gradualism) and the Uniformity of State (Summerfield, 1991).
Firstly, the Uniformity of Law is the assumption that natural laws are permanent, in both
time and space. The Uniformity of Process is the proposal that if past events can be
explained through known processes, additional unknown causes should not be introduced.
The Uniformity of Rate (gradualism) states that the changes on the Earth’s surface are
usually slow, steady and gradual, although major events, such as floods and earthquakes do
take place, they are mostly local in extent and occur at the same average frequency today as
they did in the past. The Uniformity of State suggests that although change occurs, it is
aimless; stating that the Earth has always looked and behaved much like in the present,
acting as a continuous succession of endless cycles (Summerfield, 1991). As such,
understanding Quaternary environments can help with understanding Permian successions
from the past and our knowledge of the Quaternary climate, including rapid climate events,
can be used as a framework for understanding Permian climate changes. Therefore, our
understanding of Quaternary events, like Dansgaard-Oeschger Cycles and Heinrich Events,
will be used throughout this thesis’ interpretations of the facies and palaeoenvironments of
the Snapper Point Formation.
Dansgaard–Oeschger (D-O) cycles represent one of the most pronounced and variable
climate fluctuations that occurred during the last glacial period, approximately 115 to 11
thousand years ago (Muscheler and Beer, 2006; Lohman and Ditlevsen, 2018). These cycles
are characterised by slow progressive cooling, over millennium time scales, followed by a
rapid drop to very cold conditions, then an abrupt warming episode that occurred over
several decades. These abrupt warming episodes are referred to as interstadials, while the
more gradual cooling to cold periods are termed stadials (Anderson and Lee, 2013;
Rasmussen et al. 2016). Numerous investigations have been undertaken to describe the
origin and nature of these rapid climate events, since then their discovery by Danish
geophysicist Willi Dansgaard and Switzerland physicist Hans Oeschger (Dansgaard et al.,
1993). Various climatic records show that, during the last glacial period, the climate in the
North Atlantic regions experienced an alternating cycle of gradual cooling and rapid
warming events, approximately 25 times with air temperatures fluctuating by almost 10oC
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(Rasmussen et al., 2016; Muscheler and Beer, 2006). The most prominent record for D-O
cycles are the Greenland ice core records, such as the North Greenland Ice Core Project
(NGICP; Rasmussen et al. 2016; Lohman and Ditlevsen, 2018). The oxygen isotope record
derived from these cores can be used to reconstruct the past climate during the deposition
of the ice and thereby record D-O cycles (Anderson and Lee, 2013). D-O events are also
found in the records of Antarctic ice cores, indicating that the occur throughout the world.
However, the amplitudes of D-O cycles within these cores are much smaller and the
warming events are less abrupt than observed in the Greenland ice cores (Rasmussen et al.,
2016). The results of a study by Rasmussen et al. (2016) indicate that in the open North
Atlantic D-O warmings were gradual and in phase with the slow warmings in the Antarctic
ice cores and the southern and central Atlantic.
Furthermore, Bar-Matthew (2013) utilised the ability to date and perform high-resolution
examinations on speleothems accurately, to gain a better understanding of the timing of DO events and to understand how the climate responds to these cycles on land and in different
parts of the world. The stable isotopic record in speleothems is chiefly a function of
temperature and isotopic arrangement of rainfall. In addition, short time climatic events can
be recorded in fast growing speleothems. Various studies have demonstrated that rapid
climate changes reminiscent of the structure of D-O events are registered in speleothems
throughout Western Europe, China, Oman, the Eastern Mediterranean (in speleothems and
marine cores), in the alpine karst in Mount Hermon, the Middle-East, in Arabia and in the
Soreq Cave in central Israel (Bar-Matthew 2013). Thus, clearly demonstrating that D-O
events can be identified in both marine and terrestrial climate records around the world and,
therefore, combined with the Antarctic ice cores, it is evident that these cycles occurred on
a global scale (Bar-Matthew 2013).
Sedimentary vestiges related to D-O cycles are found throughout the world’s oceans in the
sedimentary and palaeoceanographic records (Rasmussen et al., 2016). Currently, the
strongest geological indicators of D-O cycles come from deep-sea sediment cores from the
North Atlantic and Nordic Seas, where the sediments resemble a pattern in sequence with
that recorded in the Greenland ice cores (Rasmussen et al., 2016; Heinrich, 1988). These
sediments are characterised by the repetition of distinct beds of abundant glacial ice-rafted
debris (IRD). These beds are found in a belt that stretches across the Atlantic from
Newfoundland, in Canada, to Ireland and Portugal, with the Hudson Strait suggested as the
source of the IRD (Figure 5.1). Such beds are found to only be in the order of a few
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centimetres thick (Heinrich, 1988). The majority of IRD particles size was 180 to 3000 μm
and consisted almost entirely of angular quartz grains, with few well-rounded grains
(Heinrich, 1988). Clasts of sedimentary rocks occur only in sizes above 3000 μm. Fragments
of plutonic and volcanic rocks are noted to be rare (Heinrich, 1988).

Figure 5.1: Map showing locations of cores with identified Heinrich layers in the North Atlantic. Simplified geological
provinces are shown below for reference. (Add reference)

Ice sheets and glaciers commonly contain masses of rock and debris that have been eroded
as the ice moves along the ground grinding up and eroding rock. As the glacier or ice sheet
moves over the ocean (Figure 5.2), over time icebergs break off and are transported across
the ocean. As these icebergs move into warmer waters, they begin to melt, this causes them
to drop their load of erratic rock into the ocean depositing a layer of IRD on the seafloor
(Figure 5.2). Which may be reworked by various marine processes (Anderson and Lee,
2013). This process of icebergs breaking off ice sheets and depositing IRD, occurs on a
natural seasonal basis around ice shelves, however, not in the abundance transcribed by
Heinrich (1988). The sediment footprint of Heinrich events are described as repetitive,
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5.2.2 Permian Examples of Dansgaard-Oeschger Cycles
Franco et al. (2012) examined two late Palaeozoic glaciogenic rhythmite successions within
the Itararé Group (Paraná Basin, Brazil). They found millennial-scale cyclic climate
variability within the Permo-Carboniferous glaciation, that they matched a palaeoclimate
record with D-O cycles and Heinrich events of the last glacial period. Milana and Lopez
(1998) found 2–3 kyr cycles related to rapid glacial advance and retreat processes in late
Palaeozoic rhythmites from Río Francia (Argentina). Elrick and Hinnov (2007) reported
widespread millennial climate variations in North American Palaeozoic rhythmites. It is
apparent that the various rhythmite successions accumulated under dramatically different
paleoenvironment and paleogeographic conditions and therefore the millennial-scale
climate changes occurred over a very wide spectrum of palaeoceanographic,
paleogeographic, paleoclimatic, tectonic, and biologic conditions and over time periods
from the Cambrian to the Quaternary. As such, it cannot be adequately explained by models
of internally driven thermohaline circulation or continental ice sheet instabilities.
As indicated above, millennial-scale climate variations, like D-O cycles were prevalent
during the Permo-Carboniferous glaciation. Therefore, reinforcing the idea/interpretation
that the dropstone beds that we see throughout the Snapper Point Formation are a result of
Heinrich-like events occurring around Australia during the Permo-Carboniferous Glaciation
and, as such, influenced the deposition and palaeo-marine environments of the Snapper
Point Formation. The provenance for these enhanced episodic discharges of iceberg fleets
is suggested here to be from ocean-based ice sheets situated across Gondwana during the
Permo-Carboniferous glaciation, likely from Antarctica or possibly closer, such as the
nearby LFB. The icebergs and subsequent debris would then have been transported along
the south-eastern margin of the Gondwanan continent until reaching the antecedent location
of the Snapper Point Formation. However, it must be stressed, the difficulty in
distinguishing between IRD transported by seasonal ice and those carried from Heinrich
events; due to them being fundamentally being the same process, just vastly different scales.
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5.3 Soft Sediment Deformation Structure
Many authors have put forward theories and hypotheses to understand the development and
cause of the SSDS present at Snapper Point. This section includes a table detailing the
supporting and opposing evidence of the major theories surrounding this deformation
structure, as well as discussing previous literature with relation to the feature. At the
conclusion of this section the theory and hypothesis of this thesis study will be stated.
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Carey (1978) interpreted this deformed structure as ball-and-pillow structures, ascribing
them as involving the descending foundering of inverse density loaded interbedded facies,
in which the coarse strata sunk into the fine-grained faces below. However, this explanation
is unlikely due in part to the multitude and variety of facies impacted by the deformation. If
density were the cause, the sandstones beds would not fall through the heavier and denser
dropstone beds, nor would they go through multiple different facies in one event. Moreover,
the presence of poorly sorted, intermixed ice-rafted dropstone pebbles, coarse-grained
sandstones and boulders, within the zone of deformation cannot be attributed to gravitational
loading of ball-and-pillow structures. Furthermore, the lack of contrast between the
deformed and undeformed sediments adds further evidence against this interpretation, given
that, if the entire beds have the same the differences in gravitational loading, then
deformation would be experienced throughout the entirety of the strata (Eyles et al., 1997).
As is displayed in a single bed of ball-and-pillow structure present to the north of Pretty
Beach. These standard ball-and-pillow structures are at most, 3 m wide and impact only a
single bed of fine-grained bioturbated sandstone with the entire unit containing these
structures. Furthermore, ball-and-pillow structures can be ruled out as a possible mode of
deformation for this structure, for the reasons above.
This also eliminates load cast structures for the cause of this SSDS, as they form from
similar differences in density. Load casts typically form as lumps that depress or hang down
from the denser upper unit into the lower unit, and typically form with fairly equal spacing
across the unit. The size of load casts are much smaller than ball-and-pillow structures,
generally between a few mm to 10 cm. Thus, with only a single structure, visible in the
outcrop and being much larger than any recorded load cast, it is very unlikely for this
structure to be a load cast structure.
Deformation related to mass flow or slumping also seems unlikely considering the nature
of the structure and where they form. Mass flow and slump structures typically occur in
areas of steep downward slopes which, given the low gradient, shallow marine inner shelf
environment of the Snapper Point Formation, it was not. Additionally, mass flow and
slumping results in, generally, much more disturbed facies, with virtually no strata or
bedding remnants left. In this structure two lobes are visible facing inwards to each other,
this is unusual for a slump or mass flow, as they would ordinarily going in the same
direction, not in two directions and end up facing inwards. Mass flows and slumps tend to
sprawl out over the underlying sediments on the seafloor, whereas this structure is confined
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to a relatively concentrated area.
In relation to seismites and soft sediment deformation from tectonic activity, such as
earthquakes, the evidence supporting or against is less defined. Firstly, possibly the most
definite evidence against this mode of deformation, is simply that there is a lack sufficient
evidence of tectonic activity in the surrounding outcrop or throughout the rest of the
formation. There are reported to be soft-sediment deformation structures within the
Wandrawandian Siltstone, stratigraphically above the Snapper Point Formation, with Shi et
al. (2017) interpreting them as seismites as a result of an earthquake event. While this does
provide localized evidence of earthquake activity in the region, it occurs long after the
cessation of the Snapper Point Formation’s deposition and would be unlikely to have
impacted the formation. The SSDS itself does not resemble typical seismite structures,
which are relatively small in the order of 50 cm to 1 m, and it appears to be more chaotic
than standard seismite structures.
This SSDS is interpreted here, like in Eyles et al. (1997), as a confined zone of mechanical
deformation caused by the scouring or grounding of an iceberg keel, along the seafloor and
through layers of underlying sediments. The width, depth and geometry of the structure is
comparable to that of Pleistocene age iceberg scours (Woodworth-Lynas and Guigne, 1990;
Eyles and Meulendyk, 2008). However, this is the only example or structure of its kind in
the Snapper Point Formation and the only ‘evidence’ of grounded ice in the Sydney Basin.
One would expect more evidence of grounded ice in the larger region, such as striated
bedrock and/or additional scour features (Woodworth-Lynas and Guigne, 1990; Eyles and
Meulendyk, 2008). Although it could also be said that it would be expected that many of
the other theories surrounding this SSDS, should have more than one example in the region
or more importantly within the same bed, especially the ball-and-pillow and load cast
structures. Eyles et al. (1997) suggested that there could be additional such structures and
facies in the southern Sydney Basin literature, that have gone unnoticed, being reported as
soft-sediment deformation structures. While there is a lack of grounded ice in the region,
the presence of the IRD in the dropstone beds provides important evidence, indicating that
there were icebergs and sea ice in the region.
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Figure 5.3: Left: A diagram showing the generation and preservation of typical soft-sediment striated surfaces associated with the grounding and scouring of iceberg keels (adapted from
Woodworth-Lynas and Guigne, 1990; and Rose et al., 2016). Right: A captured image of model 12, the soft-sediment deformation structure, located in the cliff on the northern side of Snapper
Point, south of Merry Beach.
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An iceberg grounds along the seafloor disturbing the antecedent morphology. The finer
sediment is suspended, and two marginal berms form due to the lateral sediment push by
the iceberg keel. The swirly appearance of the inner portions of the marginal berms,
represents the churning of the semi-consolidated, possibly clay-rich, sediments of the
seafloor. However, it is suggested that due to a higher clay content or rapid sedimentation
after the mechanical disturbance, the structure was able to hold much of its deformed form.
Thus, there is a limited reduction or erosion of the SSDS as current sediment reworking was
not able to affect the structure due to the rapid burial by storm related sediments. It is
suggested that the mudstone visible within and above the central through of the structure at
Snapper Point are a result of post-scour deposition of the mud and finer sediments
suspended when the iceberg first disturbed the area.

5.4 Chapter Overview
Further investigations into categorising and distinguishing Heinrich events from regular
seasonal ice, is important not only in understanding the nature of the phenomenon but
fathering our ability to accurately and correctly interpreting similar facies outside of just the
Quaternary. Additionally, this thesis demonstrates the usefulness of a drone in the field, and
with the addition of related modeling programs it can provide scientists with another
valuable tool, to allow the remote interpretation of areas which are either difficult to reach
or too dangerous for traditional field techniques.
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Chapter 6
Conclusions and Recommendations
The primary aims of this study were to re-examine the sedimentology and stratigraphy of a
portion of the Snapper Point Formation involving higher resolution sampling, to reassess
the Permian palaeoenvironments within the formation and in doing so, describe the nature
and inferred glacial processes responsible for portions of the Snapper Point Formation. This
was achieved through analysis of various sedimentary facies and the use of a drone to
accurately survey and map the inaccessible cliff faces; which ultimately led to the creation
of a highly detailed 80 m stratigraphic log and measured section of the southern portion of
the Snapper Point outcrop starting from the southern side of Pretty Beach and a 45 m
stratigraphic log depicting the northern portion, starting from Merry Beach. The following
conclusions about the Snapper Point Formation and its Permian palaeoenvironment have
been made;
•

The use of a drone or UAV in the field provided a more complete record of the
sedimentary facies present in the Snapper Point Formation and thus provided a
more complete record of the palaeoenvironmental interpretations of the
formation.

•

Deposited in a shallow marine environment above storm wave base, likely located
in the inner to middle continental shelf environment. The environment was
primarily a calm, low energy environment, that was heavily bioturbated. In
amongst, prolonged periods of calm water conditions, the environment was
subjected to rapid and intense storm activity. These high energy events resulted
in the deposition of hummocky and swaley cross-stratified sandstones.

•

The dropstone facies are clearly the result of ice-rafted debris, likely from the
Permo-Carboniferous ice sheet over Gondwana during the time of deposition.
Moreover, this paper highlights the work of Eyles et al. (1997), suggesting
Heinrich events as the origin of the overabundant ice-rafted debris within the
dropstone facies.

•

Using the connection between Heinrich events and Dansgaard and Oeschger
cycles, examples and evidence of Dansgaard and Oeschger cycles operating
during the Permian, was brought forward strengthening the hypothesis that the
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dropstone facies are the result of Heinrich-like events active during the Permian.
•

Inquiries into the various theories and ideas surrounding the soft sediment
deformation structure at Snapper Point were performed, with the iceberg scour
structure being the likely cause. Aside for the obvious similarities in the
appearance of the structure with berms created by iceberg keel scours, the size
and lateral extent of the structure, all point to the feature being a scour structure
The other hypotheses had a lack of supporting evidence and abundance of
evidence against them, making them unlikely to be the cause, without new
evidence.

However, with these findings, it must be stressed that Heinrich events cannot be adequately
and accurately distinguished from regular or seasonal ice-rafted debris. Making it difficult
to formally attribute the dropstone beds, within the Snapper Point Formation as the result of
Permo-Carboniferous Heinrich-like events.
6.1 Recommendations for Future Work
Due to the difficulty in differentiating between seasonal ice and Heinrich events and the
issue in categorising their differences, further research is desperately required; to produce
or identify a method with some form of quantifiable constraints for distinguishing these
phenomena from regular or seasonal ice. While there has been an increase in the amount
known marine depositional record of Late Pleistocene Heinrich events, it is still limited
predominantly to the North Atlantic Ocean. Future work should be aimed in expanding the
range of known locations of Heinrich sediment record and finding more evidence of prePleistocene Heinrich events. The dropstone facies within the Snapper Point Formation could
provide additional information and recognition of pre-Pleistocene Heinrich events,
especially those within the Permo-Carboniferous glaciation. Future work could also be
geared towards testing whether there was any prolonged ice sheet instability of the PermoCarboniferous ice sheet, like those plaguing the Laurentide Ice Sheet during the last glacial
period.
As this is only an Honours thesis, only a portion of the Snapper Point Formation was able
to be studied in such detail. Therefore, it is recommended that a more detailed investigation
of the entire formation is performed. In addition, it is also recommended that this is carried
across to other formations that have not had a detailed study preformed exclusively on them.

74 | P a g e

Furthermore, the use of a drone or UAV in future geological fieldwork would enable future
investigations to provide a more complete record of geological features and facies present
in their respective study areas; by allowing them to gain better access to certain outcrops, or
at the very least provide aid in their descriptions and interpretations.
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